Two prevailing models have emerged to explain the mechanism of contractile-ring assembly during cytokinesis in the fission yeast Schizosaccharomyces pombe: the spot/leading cable model and the search, capture, pull, and release (SCPR) model. We tested some of the basic assumptions of the two models. Monte Carlo simulations of the SCPR model require that the formin Cdc12p is present in >30 nodes from which actin filaments are nucleated and captured by myosin-II in neighboring nodes. The force produced by myosin motors pulls the nodes together to form a compact contractile ring. Live microscopy of cells expressing Cdc12p fluorescent fusion proteins shows for the first time that Cdc12p localizes to a broad band of 30 -50 dynamic nodes, where actin filaments are nucleated in random directions. The proposed progenitor spot, essential for the spot/leading cable model, usually disappears without nucleating actin filaments. ␣-Actinin ain1 deletion cells form a normal contractile ring through nodes in the absence of the spot. Myosin motor activity is required to condense the nodes into a contractile ring, based on slower or absent node condensation in myo2-E1 and UCS rng3-65 mutants. Taken together, these data provide strong support for the SCPR model of contractile-ring formation in cytokinesis.
INTRODUCTION
Cytokinesis partitions cellular constituents into two daughter cells. When coordinated with the generation of cellular asymmetry, cytokinesis can produce diverse cell types in multicellular organisms. Thus, cytokinesis plays a crucial role in both cell proliferation and cell differentiation. Despite being studied since the 19th century, cytokinesis remains one of the least understood steps of the cell-division cycle. Powerful forward and reverse genetics in yeast have identified and characterized the majority of genes involved in cytokinesis Wolfe and Gould, 2005) . Affinity purification (Miller et al., 1989) , isolation of cytokinetic structures (Skop et al., 2004) , and recent genomewide RNAi screens have nearly completed the list of genes contributing to cytokinesis in Caenorhabditis elegans (Fraser et al., 2000; Gö nczy et al., 2000; Sö nnichsen et al., 2005) , Drosophila (Echard et al., 2004) , and cultured human cells (Kittler et al., 2007) . A majority of these genes are conserved among eukaryotes including humans Glotzer, 2005; Barr and Gruneberg, 2007) . The current challenge is to determine how these gene products work together and to elucidate the underlying molecular mechanisms of cytokinesis.
The fission yeast Schizosaccharomyces pombe has emerged as an important model system for investigating molecular mechanisms of cytokinesis Wolfe and Gould, 2005; Pollard, 2008) . Similar to animal cells, the contractile ring composed of actin, myosin-II, formin, and other associated proteins is essential for cytokinesis in S. pombe. The anillin-like protein Mid1p/Dmf1p is crucial for the positioning and proper assembly of the contractile ring (Sohrmann et al., 1996; Bähler et al., 1998a; Paoletti and Chang, 2000; Motegi et al., 2004; Wu et al., 2003 Wu et al., , 2006 . Mid1p specifies the cleavage site by a balance of positive and negative signaling cues. The nucleus is positioned medially by dynamic microtubules (Tran et al., 2001) , thus determining the initial location of Mid1p once it exits from the nucleus (Paoletti and Chang, 2000; Daga and Chang, 2005) . Mid1p then diffuses into the cytoplasm and binds as nodes to the plasma membrane and the kinase Cdr2p (Celton-Morizur et al., 2004; Almonacid et al., 2009) , whereas the DYRK-family kinase Pom1p and an unknown inhibitor prevent the binding of Mid1p to the cell poles (Celton-Morizur et al., 2006; Padte et al., 2006; Huang et al., 2007) . Thus, Mid1p is concentrated as a broad band of nodes at the equator of the cell.
Several studies agree that Mid1p initiates contractile-ring assembly by recruiting myosin-II to a broad band of ϳ65 membrane-bound nodes (Motegi et al., 2000 (Motegi et al., , 2004 Wu et al., 2003 Wu et al., , 2006 Vavylonis et al., 2008) . However, the distribution of the formin Cdc12p and actin filaments is controversial, primarily because Cdc12p is one of the least abundant cytokinesis proteins (Wu and Pollard, 2005) . Cdc12p, a nucleator of unbranched actin filaments , is essential for the assembly of the contractile ring (Chang et al., 1997) and is thought to be recruited to the division site by the F-BAR/pombe Cdc15 homology (PCH) protein Cdc15p (Carnahan and Gould, 2003) . Cdc12p has been observed arriving at the division site in one or several spots that spread and integrate into the contractile ring (Chang et al., 1997; Chang, 1999; Yonetani et al., 2008) . However, Cdc12p has also been found in a broad band of nodes in synchronized cdc25-22 cells (Wu et al., 2006; Huang et al., 2008) and occasionally clustered in a few nodes in wild-type cells before ring formation (Wu et al., 2006) .
Currently, two main models have been proposed to explain contractile-ring assembly in wild-type fission yeast cells (reviewed in Oliferenko, 2008 and RobertsGalbraith and . One is the spot/leading cable model. According to this and similar models, the Cdc12p spot moves to the division site marked by Mid1p and is proposed to nucleate linear actin filaments from a single site to form an aster and one (or two) leading cable(s). The leading cable(s) and other actin filaments grow from the aster and curve around the circumference of the cell to form a contractile ring (Chang et al., 1997; Chang, 1999; Arai and Mabuchi, 2002; Carnahan and Gould, 2003; Motegi et al., 2004; Kamasaki et al., 2007 ). An alternative model uses a search, capture, pull, and release (SCPR) mechanism to assemble the contractile ring from a broad band of nodes. In contrast to the spot model, the SCPR model assumes that Cdc12p concentrates in Ͼ50% of Mid1p-myosin-II nodes and nucleates short actin filaments all over the medial cortex in random directions. Next, transient connections are established between actin filaments and myosin-II, which condense the nodes into a contractile ring by myosin-II motor activity (Bähler et al., 1998a; Wu et al., 2006; Vavylonis et al., 2008) . The two models disagree on whether actin filaments for contractile-ring formation initiate from a single Cdc12p spot or from multiple Cdc12p nodes around the cell's equator. In addition, the Myo2p motor activity is required for the condensation of nodes in the SCPR model, whereas in the spot model Myo2p is only needed at later stages to reorient actin filaments and constrict the ring.
In this study, we found that the formin Cdc12p localizes to a broad band of dynamic nodes from which actin filaments are nucleated in random directions. Our data also suggest that Myo2p motor activity is required to condense the nodes into a contractile ring. These results provide strong support for the basic assumptions of the SCPR model of contractile-ring assembly. Table 1 lists the S. pombe strains used in this study. PCR-based gene targeting was performed as described (Bähler et al., 1998b) . All tagged genes are under the control of endogenous promoters and integrated at their native chromosomal loci except 3nmt1-GFP-atb2, integrated at the lys1 locus, 41nmt1-GFP-CHD (calponin homology domain) and lifeact (see below), integrated at the leu1 locus. We tested the functionalities of new strains by examining growth and cellular morphology at different temperatures and by crossing tagged strains with mutant strains known to have synthetic interactions with mutations in the tagged gene. The strains cdc12-tdTomato and cdc12-mCherry were crossed with rng2-D5 (Eng et al., 1998) , and the double mutants resemble rng2-D5 from 25 to 36°C. Similarly, ain1-3GFP and ain1-3YFP were crossed with fim1⌬ (Wu et al., 2001) , and cdc12-3GFP and cdc12-3YFP were crossed with ain1⌬ (Wu et al., 2001 ); all tagged strains were found to be functional. Some strains were previously reported to be functional: mYFP-cdc15, GFPmyo2, and sad1-CFP (Wu et al., 2003) and rlc1-tdTomato and rlc1-mCherry (Vavylonis et al., 2008) . Conversely, ain1-tdTomato fim1⌬ was sicker than fim1⌬, indicating the fusion protein was not fully functional.
MATERIALS AND METHODS

Strains and Genetic, Molecular, and Cell Biology Methods
The 41nmt1-mEGFP-lifeact and 3nmt1-mEGFP-lifeact strains were constructed using standard PCR gene targeting techniques. Briefly, mEGFP-lifeact was amplified using plasmid pFA6a-kanMX6-Purg1-mEGFP (JQW183-4) as a template and a reverse primer containing the sequence of lifeact (only 51 nucleotides; Riedl et al., 2008 ). The PCR product was then cut using restriction sites that were incorporated into the primers and inserted into a pFA6a vector containing a kanMX6 marker upstream of the 41nmt1 promoter or the 3nmt1 promoter. The primers used were as follows: forward: 5Ј-TAACCTGATTA-ATTAACAGTAAAGGAGAAGAACTTTTCAC-3Ј and reverse: 5Ј-TACAT-GACGGCGCGCCCTATTCTTCCTTTGAGATGCTTTCGAATTTCTTGAT-CAAATCTGCGACACCCATAGAACCTTTGTATAGTTCATCCATGCC-3Ј, where restriction sites are underlined, the sequence of lifeact is bold, and a two-amino acid linker between mEGFP and lifeact sequences is italicized. The 3Ј sequences of the reverse primer are complementary to mEGFP. The final plasmids were named JQW204 (pFA6a-kanMX6-P3nmt1-mEGFP-lifeact) and JQW207 (pFA6a-kanMX6-P41nmt1-mEGFP-lifeact). The mEGFP-lifeact constructs were integrated into the S. pombe genome at the leu1 locus downstream of the endogenous leu1-32 allele just after the stop codon. The lifeact labels all actin structures: actin patches, interphase cables, and contractile rings. Strains were tested for lack of cytokinesis defects in crosses to mutants and by growth on different media at different temperatures. Double mutant strains of the 41nmt1-mEGFP-lifeact and ain1⌬ or clp1⌬ looked similar to the parent deletion strains under inducing conditions. The 41nmt1-mEGFP-lifeact was imaged after inducing expression in EMM5S medium lacking thiamine for 24 h, and 3nmt1-mEGFP-lifeact was grown in repressing YE5S medium.
Cells were restreaked from Ϫ80°C stocks, grown 2-3 d on plates, and then inoculated into 5-15 ml YE5S liquid cultures as described (Wu et al., 2006) . Cultures were kept in exponential phase for 36 -48 h before microscopy. Only mid1⌬ strains were grown for 24 h on plates and 24 h in exponential phase liquid cultures, because they tend to pick up suppressors if grown longer. Growth curves were generated by measuring OD 595 at 3-h intervals. Strains with 41nmt1-GFP-CHD and 41nmt1-mEGFP-lifeact were grown in YE5S medium for at least 24 h and then induced in EMM5S medium for 12-48 h before microscopy. Strains with 3nmt1-GFP-atb2 and 3nmt1-mEGFP-lifeact were grown in repressing YE5S medium. Temperature-sensitive cdc25-22 cells were arrested at 35.5°C for 4 h and then released to 23°C before imaging. Latrunculin A (Lat-A) treatments were performed at a concentration of 100 M, added to the synchronized cells before releasing cells to 23°C as described (Wu et al., 2006) . Blebbistatin (B-0560, SigmaAldrich, St. Louis, MO) treatment at a final concentration of 1 mM from a 100 mM stock in DMSO was performed similar to Lat-A treatment. Briefly the cells were treated with blebbistatin or equal volume of DMSO at 36°C for 30 min before releasing to 25°C, and imaging began immediately after release. To prevent inactivation of the drug, cells were kept in the dark, DIC images were taken with low light, and fluorescent imaging was only done at the 568-nm channel. Cells were prepared for imaging on bare slides without centrifugation by taking samples from the culture every 10 min.
Microscopy and Data Analysis
Cells for microscopy were collected from liquid cultures, centrifuged at 5000 rpm, and then washed into EMM5S for imaging. Live cell microscopy was performed using a thin layer of EMM5S liquid medium with 20% gelatin (G-2500, Sigma-Aldrich) and 0.1 mM n-propyl-gallate, sealed under a coverslip with Valap, and observed at 23-25°C as described (Wu et al., 2006) . We used a 100ϫ/1.4 NA objective lens (Nikon, Melville, NY) on a spinning disk confocal microscope (UltraView ERS, Perkin Elmer Life and Analytical Sciences, Waltham, MA) with a 440-nm solid state laser or 488-, 514-, and 568-nm argon ion lasers and a cooled charge-coupled device camera (ORCA-AG, Hamamatsu, Bridgewater, NJ). Microscopy of temperature-sensitive mutants at 36°C was performed using an Objective Heater Controller (Bioptechs, Butler, PA). Cells were collected as above and placed on EMM5S ϩ2% agar pads and sealed under a coverslip with Valap. All slides and cultures were kept at 36°C during preparation of slides.
The cdc12-3YFP strain was also imaged under modified microscopy conditions to confirm that the Cdc12p speckles and nodes were not imaging artifacts. Cells were either centrifuged at 5000 rpm for 30 s or allowed to precipitate and then imaged in YE5S on a bare slide or on YE5S ϩ20% gelatin pad without washing into EMM5S or using n-propyl-gallate in the medium.
Maximum intensity projections of color images were created using UltraView ERS software or by merging grayscale images in ImageJ (http://rsb. info.nih.gov/ij/). All other image analyses were performed using ImageJ. Images in figures are maximum intensity projections of Z-sections spaced at 0.1-0.4 m unless otherwise noted. Some images were corrected for photobleaching during image acquisition as described (Vavylonis et al., 2008) . Cdc12p speckles are less obvious in some figures because of different microscopy settings such as lower laser power or shorter exposure time. Cellular fluorescence intensity was measured using a sum intensity projection in ImageJ as described (Wu and Pollard, 2005) . Wild-type autofluorescence and background intensity from surrounding intracellular regions were subtracted from intensity of the whole cell or individual structures. Two tagged proteins V. C. Coffman et al.
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were considered in the same nodes if their centers were within one radius of the nodes. For the blebbistatin experiment, cells were counted with nodes if nodes were still separated greater than about one-third of the full width of the broad band along the long axis of cells. Boxed regions in Figure 2C were scaled to 500% in ImageJ using interpolation. Videos were also scaled to 200% (Videos 1-5, 8, and 9) or 400% (Videos 6 and 7) original size with interpolation.
Actin filaments and bundles that appeared to associate with the nodes at the early stage of condensation were measured using the schematic in Figure  3D . Each Z-section spaced at 0.1-0.4 m was examined at both 488-and 568-nm channels to find filaments with one end colocalized with a node. The main source of our data are at the top or bottom slices of the stacks because these slices are parallel to the plasma membrane resulting in better visualization of the filaments and nodes in the same plane. Radial projections in Figure  3B were created using a plugin for ImageJ provided by Dimitrios Vavylonis (Lehigh University). The projection shows the outer layer of the cell just inside the unwrapped plasma membrane, and the equator of the cell is horizontal.
Fluorescence recovery after photobleaching (FRAP) was performed using the photokinesis unit on the UltraView ERS confocal system. The data were gathered by taking stacks to determine the optimum slice for bleaching, collecting 4 -10 prebleach images, and then acquiring postbleach images appropriate to the structure being bleached as described (McNally, 2008) . Ain1p or Cdc12p spot images were taken with 30-s delay, Cdc12p node images with 4-s delay, and rings with 2-s delay. A region of interest (ROI) was selected at each site that was bleached Ͼ50% of the original signal. Intensity values (after subtracting background) at each ROI were normalized against the average prebleach value, which is set to 100%. Intensity values of postbleaching were averaged from three consecutive images for each ROI to reduce noise (Vavylonis et al., 2008) . The average intensity value at each time point across all ROIs was plotted with the bleaching moment defined as time zero. Best-fit curves were obtained from the average of all ROIs and from individual ROIs separately to obtain SDs. The curve equation is y ϭ m 1 Ϫ m 2 ‫ء‬ exp(Ϫm 3 ‫ء‬ x), where m 3 is the off rate. The off rate was used to calculate the 1/2 of the recovery. The additional criteria for choosing ROIs depended on the structure being analyzed. For Cdc12p nodes, the region bleached had to contain several nodes by the time the recovery reached a plateau. Criteria used to select ROIs for other structures were as described (McNally, 2008) .
RESULTS
The Formin Cdc12p Concentrates in Speckles during Interphase and a Broad Band of Nodes at the Onset of Mitosis
To assess the SCPR and spot/leading cable models of contractile-ring assembly in S. pombe, we started with establishing the localization of the formin Cdc12p throughout the cell cycle. One fundamental assumption of the SCPR model is that Cdc12p is present in Ͼ50% of the ϳ65 nodes in wild- This study KV346 h Ϫ cdc12- 3YFP-kanMX6 ade6-M216 leu1-32 ura4-D18 his3-D1 Wu and Pollard (2005) ; Wu et al. (2006) type cells (Vavylonis et al., 2008) . This has not been established because of the difficulty in detecting Cdc12p, one of the least abundant cytokinesis proteins (Wu and Pollard, 2005; Wu et al., 2006) . We observed cells expressing functional Cdc12p-3YFP, Cdc12p-tdTomato, and Cdc12p-3GFP under the endogenous promoter in place of the native protein using a spinning disk confocal system (see Materials and Methods). We found that Cdc12p concentrated in distinct cellular locations/structures with different intensities including speckles, spots, nodes, and contractile rings in all three strains although 3YFP provided the best contrast, because of much less autofluorescence when cells were excited at the 514-nm channel ( Figure 1 , A and B). Speckles, which are obviously brighter than background autofluorescence (Figure 1B) , spread throughout the cytoplasm during interphase (Figure 1 , A-D, arrow). Present in some cells was one structure much brighter than the speckles ( Figure 1A , outlined arrowhead), which we referred to as a spot because it resembled the Cdc12p spot (Chang et al., 1997; Chang, 1999) . Nodes appeared near the plasma membrane around the cell equator 1.0 Ϯ 2.5 min (mean Ϯ SD) after spindle pole bodies (SPB) separation (n ϭ 6 cells; strain JW1114). The fluorescence intensity of individual nodes was higher than speckles but lower than most spots. After the nodes condensed together into the contractile ring the total fluorescence intensity was even higher (Figure 1 , A and G). Cdc12p-3YFP was also observed in nodes and speckles under modified microscopy conditions (see Materials and Methods) and in diploid cells expressing two copies of cdc12-3YFP ( Figure 1D ), indicating that these localizations/structures are not artifacts of sample preparation or imaging conditions. The onset of mitosis is defined as time zero and the stages of cytokinesis (I-IV) are as described (Wu et al., 2003; Wu and Pollard, 2005) . Data were timed and binned based on the morphology of nodes, rings, nuclei, and septa. Data points from left to right are cells at/with: interphase (n ϭ 25 cells); nodes (n ϭ 5); ring with one nucleus (n ϭ 2); full-size ring with two nuclei (n ϭ 5); contracting ring with a diameter of 2.2-3.0 m (n ϭ 7); ring 1.5-2.2 m (n ϭ 6); ring Ͻ 1.5 m (n ϭ 4); and complete septum but before cell separation (n ϭ 4). (G) Box plot showing fraction of total cellular fluorescence intensity in each Cdc12p structure. Asterisk indicates the mean for rings and nodes. Left to right, n ϭ 24, 14, and 25 cells, and 20 brightest speckles from two cells. (H) Histogram showing relative intensities of each speckle (gray) and spot (black) with the average speckle intensity set to 1. Bars, 5 m.
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The Cdc12p structures had distinct quantities. In interphase cells, Cdc12p was present in 218 Ϯ 46 speckles, and the number of speckles increased with the cell size. The speckles moved within a localized area of the cytoplasm at 0.9 Ϯ 0.5 m/s (n ϭ 30 speckles; Video 1) in an actinindependent manner, based on treatment with Lat-A, an inhibitor of actin polymerization ( Figure 1E ). Despite a constant global concentration of Cdc12p throughout the cell cycle (Chang et al., 1997; Wu and Pollard, 2005) , the number of speckles declined dramatically during node and ring formation, held steady during ring maturation, and increased during ring constriction and disassembly ( Figure  1F ). Thus, it appears that Cdc12p molecules in the speckles are recruited to the nodes and contractile ring and released as the ring disassembles. One minute after SPB separation, a broad band of 43 Ϯ 6 Cdc12p nodes appeared around the equator of the cell (n ϭ 10 cells; Figure 1A , filled arrowhead; Video 2).
The intensity of Cdc12p structures varied. Each speckle contained 0.4 Ϯ 0.2% of the total cellular Cdc12p intensity and the Cdc12p spot contained 3.6 Ϯ 2.7% of total cellular intensity ( Figure 1G ). Thus Cdc12p was mainly in the speckles or diffused in the cytoplasm as monomers during interphase so that the spot was not the main reservoir of Cdc12p. The distribution of speckle intensities was approximately Gaussian, but the intensity of the spots was outside the Gaussian distribution ( Figure 1H ), being on average 10 times that of speckles. The broad band of nodes contained 24 Ϯ 14% of the total cellular intensity ( Figure 1G ). At a later stage of mitosis, a compact Cdc12p-3YFP ring formed ( Figure 1A ; asterisk), which contained 62 Ϯ 14% of the total cellular intensity ( Figure 1G ).
Cdc12p Colocalizes in Nodes with Myosin-II and Condenses into the Contractile Ring
Once we found that Cdc12p localized to a broad band of nodes, we investigated whether these nodes are precursors of the contractile ring. Cdc12p nodes resembled nodes of the F-BAR/PCH protein Cdc15p ( Figure 2A ) that arrives at the division site shortly before Cdc12p (Wu et al., 2003) and is thought to recruit Cdc12p (Carnahan and Gould, 2003) . Both Cdc12p and Cdc15p nodes condensed laterally into a contractile ring at early mitosis judged by the presence of a single dark nucleus region ( Figure 2B ; Videos 3 and 4).
It is established that the anillin Mid1p, myosin-II Myo2p including its light chains Cdc4p and Rlc1p, and IQGAP Rng2p are all components of the same nodes (Motegi et al., 2000 (Motegi et al., , 2004 Paoletti and Chang, 2000; Wu et al., 2003 Wu et al., , 2006 . However, whether Cdc12p is a component of the anillinmyosin-II nodes remains controversial because of its low copy number (Wu et al., 2006; Huang et al., 2008; Yonetani et al., 2008) . We used cells expressing fluorescent Cdc12p and myosin regulatory light chain Rlc1p to clarify the localization (Figure 2 , C and D). Rlc1p appears at the division site ϳ10 min earlier than Cdc12p (Wu et al., 2003) . Consistent with the timing, 60% of cells with Rlc1p-mCherry nodes did not contain Cdc12p-3YFP in the nodes (n ϭ 113 cells). Once Cdc12p was recruited to the division site at 1 min after SPB (ii) The slice with nodes chosen for FRAP (see Video 5). (iii) Maximum intensity projection (left) of the cell in ii and the chosen slice for bleaching (right). (F) Recovery of the Cdc12p ring (n ϭ 14 cells, red) and nodes (n ϭ 11 cells, gray). Relative intensity is normalized to the average prebleach intensity, and the immobile fraction for both is ϳ30%. Bars, 5 m, except in C enlarged regions, bar, 1 m.
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Vol. 20, December 15, 2009separation, we found that 70 Ϯ 5% of Cdc12p nodes colocalized with Rlc1p nodes, whereas 50 Ϯ 3% of Rlc1p nodes contained Cdc12p ( Figure 2C ; n ϭ 6 cells). The percentage of colocalization could be an underestimation because of the weak Cdc12p signal. Imaging of strains expressing each tagged protein indicated that the colocalization was not due to bleed-through of signals ( Figure 2C ). Consistent with the assumption of the SCPR model (Vavylonis et al., 2008) , these data indicate that Cdc12p is present in at least half of the myosin-II nodes before condensation into a ring.
Experiments using Cdc15p-mCherry and Cdc12p-3YFP (strain JW1432) suggest that colocalization of Cdc12p with other node proteins increases during node condensation, though fewer distinct nodes can be counted at later time points (n ϭ 13 cells). We also found that Cdc12p-3GFP and Rlc1p-tdTomato colocalized in nodes and condensed simultaneously during ring assembly although the autofluorescence is high at the GFP channel ( Figure 2D ). The partial colocalization of Cdc12p with Rlc1p nodes suggests that Cdc12p might be dynamically associated with nodes. To test this hypothesis, we performed FRAP on Cdc12p-3YFP nodes (Figure 2, E and F; Video 5). It is challenging to investigate the dynamics of Cdc12p nodes because they begin to condense soon after formation. The nodes were bleached near the beginning of node condensation (see Materials and Methods). As a control we bleached the Cdc12p fluorescence in fully formed contractile rings and found a recovery 1/2 ϭ 41.6 Ϯ 13.8 s, similar to previous studies (Clifford et al., 2008; Yonetani et al., 2008) . The dynamics of Cdc12p nodes were similar to that of the ring, with a recovery 1/2 ϭ 30.3 Ϯ 10.3 s (p ϭ 0.03). This rapid turnover of Cdc12p may be partially responsible for the dynamic interactions between actin filaments and nodes (Vavylonis et al., 2008) .
Actin Filaments Are Nucleated by Cdc12p Nodes and Elongate in Random Directions during Contractile-Ring Assembly
To investigate the location of actin nucleation and actin filament orientation during contractile-ring assembly, we simultaneously visualized actin filaments labeled with green fluorescent protein-calponin homology domain (GFP-CHD; Wachtler et al., 2003; Karagiannis et al., 2005; Martin and Chang, 2006) and Cdc12p-tdTomato using time lapse microscopy (Figure 3 ). We found a meshwork of actin filaments (Vavylonis et al., 2008) at the division site in all cells (n ϭ 25) during ring formation. Similar observations were made with another marker of actin filaments termed mEGFP-lifeact (Riedl et al., 2008; Supplemental Figure S1 ). In ϳ30% of the cells, actin filament structures similar to the aster and/or leading cable (Arai and Mabuchi, 2002) were observed 3-6 min after the appearance of the meshwork of actin filaments ( Figure 3A) . In only 1 of 25 cells we found that the Cdc12p spot was at the center of the aster during ring formation. These results suggested that the actin aster/ leading cable-like structures may not be nucleated by the spot, but instead represent an intermediate stage during actin filament condensation into a contractile ring in some cells.
Next we investigated whether Cdc12p-tdTomato nodes associate with actin filaments/bundles (Figure 3 , B and C). We analyzed filaments/bundles that stayed in the same focal plane as the nodes (see Materials and Methods). This method is valid because most filaments are parallel to the plasma membrane. Actin filaments/bundles in the meshwork appeared to elongate from Cdc12p nodes in random directions in asynchronous cells (Figure 3 , B-D; Videos 6 and 7). No directional bias was evident in the top half versus the bottom half of the cells or in individual cells. Cdc12p nodes appeared to associate with 25 Ϯ 5 filaments in each cell (n ϭ 11 cells), and ϳ50% of Cdc12p nodes were associated with actin filaments at any given time. The filaments were 0.9 Ϯ 0.3 m in length ( Figure 3E ). In certain instances, filaments appeared to connect two nodes ( Figure 3B , right, white arrows). The logical assumption is that these nodes are nucleating the actin filaments because Cdc12p is known to have this activity in vitro Neidt et al., 2008) and because Cdc12p arrival at the division site precedes the appearance of an actin meshwork (Wu et al., 2006; Vavylonis et al., 2008) .
Experiments using the temperature-sensitive cdc25-22 mutant to synchronize cells in G2/M phase confirmed that actin filaments/bundles elongated from a broad band of Cdc12p nodes in random directions (Figure 3, F-I) . The filaments and nodes were easier to analyze in synchronized cells released to 25°C, because they were brighter and more numerous ( Figure 3F ). We performed these experiments in cells with or without For3p, the formin that nucleates interphase actin cables. We found that actin filaments elongated in random directions from Cdc12p nodes in synchronized cells similar to the asynchronous culture. Figure 3G combines data from asynchronous ( Figure 3D ) and synchronized cells and shows a broad distribution of filament orientation during ring formation, instead of perpendicular to the long axis of the cell as proposed by the spot/leading cable model. In for3⌬ cells, all actin filaments at the division site were associated with Cdc12p nodes, in contrast to for3 ϩ cells in which 11.5% of filaments were not associated with nodes (n ϭ 358 filaments).
It is possible that Cdc12p nodes merely associate with actin filaments rather than nucleating them. We tried to distinguish these possibilities by examining regrowth of actin filaments in for3⌬ cells, in which Cdc12p is the only formin participating in contractile-ring assembly. After washing out the Lat-A, we observed newly nucleated actin filaments growing from Cdc12p nodes in random directions (Figure 3, H and I ). With the elongation of actin filaments, Cdc12p colocalized with filamentous actin structures ( Figure  3H , middle and bottom cells). By 90 min after washing out Lat-A, actin networks were nearly condensed into a ring ( Figure 3H , bottom right cell).
Thus, these data indicated that most actin filaments are nucleated by Cdc12p in the nodes in random directions. The data support the SCPR model but are contrary to the expectation of the spot/leading cable model.
Spot Characteristics Are Inconsistent with the Assumption That the Spot Is the Origin of the Contractile Ring
The spot/leading cable model proposes that the Cdc12p spot initiates contractile-ring formation (see Introduction). To test this assumption, we further examined the relationship between the spot and the assembly of the contractile ring. It was sometimes difficult to distinguish the elusive spot from speckles and nodes in cells expressing fluorescent Cdc12p ( Figure 1A ). To overcome this difficulty, we looked for other proteins that colocalized with Cdc12p in spots to use as a marker. Rlc1p spots are induced when cells are grown at 36°C (Wong et al., 2002) but do not colocalize with Cdc12p spots ( Figure 4A ). Next we tested and found that ␣-actinin Ain1p (Wu et al., 2001) , a putative actin cross-linking protein, colocalized with Cdc12p in spots ( Figure 4A ) but not in speckles or nodes.
In order to characterize the spot, we first validated Ain1p as a marker for the Cdc12p spot. The Ain1p spot contained 13.8 Ϯ 2.7% of the total Ain1p molecules (n ϭ 10 cells), whereas the Cdc12p spot contained only 3.6 Ϯ 2.7% of the total Cdc12p molecules ( Figure 1G ) in interphase cells. In addition, Ain1p is six times more abundant than Cdc12p (Wu and Pollard, 2005) and does not localize to any other cellular structures during interphase. Thus, Ain1p spots are much brighter and easier to track than Cdc12p spots. We found that 70% of interphase cells lacked both the Ain1p-3GFP and the Cdc12p-tdTomato spots in a double-tagged strain (n ϭ 1717 interphase cells). In cells with spots, 93% of and lack of recovery of the Ain1p-3GFP spot (n ϭ 10, black and inset). Inset, blue points represent lack of recovery of Cdc12p-tdTomato spots bleached in strain JW1516, similar to Ain1p-3GFP spots (black). Relative intensity is normalized to the average prebleach intensity. (K) An Ain1p spot moves to the division site after a meshwork of actin filaments appeared there (JW1449). Bars, 5 m except in (I, ii), bar, 1 m.
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Molecular Biology of the Cellspots contained both Ain1p-3GFP and Cdc12p-tdTomato ( Figure 4A ; n ϭ 509 spots), whereas 2% cells contained only Cdc12p spots and 5% only Ain1p spots. As a confirmation, we determined that Ain1p and Rlc1p never colocalized in spots ( Figure 4A ). The spot contained at least three proteins: Cdc15p, Cdc12p, and Ain1p. In ain1⌬ cells, Cdc12p-3YFP or Cdc12p-3GFP spots essentially disappeared (see below, Figure 5A) . Because 95% of Ain1p spots contained Cdc12p and Cdc12p spot formation and/or maintenance was dependent on Ain1p, Ain1p is a reliable marker for tracking spots during contractile-ring assembly. The life cycle of the spot corresponds to the S. pombe cell cycle. We found that Ain1p and Cdc12p spots appeared around cell separation in 30% cells, consistent with the timing of an earlier report regarding Cdc12p (Chang, 1999) . Cdc12p and Ain1p spots moved together during interphase ( Figure 4B ) and ring formation ( Figure 4C ). Seventy-three percent of cells forming contractile rings lacked an obvious spot in either the Cdc12p or Ain1p channels in movies made over 5-10 min (n ϭ 11). The spot with both Ain1p and Cdc12p was recruited to the division site in three of the cells: in one cell, the spot arrived during node formation; the spot in the other two cells arrived at the division site after the broad band of nodes had condensed into a ring ( Figure 4C ). This suggests that the spot may not be the origin of the actin ring, but delivers its contents to the division site to be used in the ring.
The spot disappears at varied times. The timing of cytokinesis has been mapped out using the SPBs as an internal clock (Wu et al., 2003) , so we examined the timing of Ain1p spot disappearance relative to the cytokinesis clock. In 89% of cells, the Ain1p spot did not exist or disappeared before Ain1p ring formation ( Figure 4D , Categories 1-3). Of those cells, 38% had no Ain1p spot up to 9.5 min before SPB separation ( Figure 4D , Category 1), in 12% the spot disappeared 2.3 Ϯ 0.5 min before SPB separation ( Figure 4D , Category 2), and in 50% the spot disappeared 1.9 Ϯ 1.5 min after SPB separation but before ring formation ( Figure 4D , Category 3). In 11% of cells the spot persisted for Ͼ5 min after SPB separation and in one of them it integrated into the ring ( Figure 4D , Category 5), while the other cell did not form a ring during image acquisition ( Figure 4D , Category 4). On average the spot disappeared 1.0 Ϯ 2.2 min after SPB separation, which is before a meshwork of actin filaments and Ain1p appear at the division site at 2.3 min (Vavylonis et al., 2008) and 4.0 Ϯ 1.5 min after SPB separation, respectively ( Figure 4E ). We did not observe that the spot spread into a contractile ring. Although the actin aster frequently located near SPBs in fixed cells (Arai and Mabuchi, 2002 ), we did not find an obvious correlation between the positions of the spot and the SPBs and between the spot and the contractile-ring assembly. The observation is further supported by using Cdc15p as a marker for the spot. Cdc15p localizes to nodes, the contractile ring, and partially to actin patches (Carnahan and Gould, 2003; Wu et al., 2006) . Mild overexpression of Cdc15p resulted in brighter Cdc12p spots (Carnahan and Gould, 2003) . Using a strain expressing Cdc12p-tdTomato and two times the native level GFP-Cdc15p (Wu and Pollard, 2005) , we analyzed the timing of spot disappearance. We found that in 88% of cells forming rings, the spot disappeared during node formation or condensation (n ϭ 17 cells; Supplemental Figure S2A ). However, the spot in cells expressing the native level of GFP-Cdc15p disappeared earlier. The Cdc12p and Cdc15p spot disappeared ϳ6 min before Cdc15p appeared in nodes (n ϭ 37 cells; Supplemental Figure S2B ). Only 32% of spots in these cells persisted to node formation, and none persisted to ring formation. This is consistent with our Ain1p data.
The spot may travel to the division site through its association with a cytoskeletal track. Although the localization of Ain1p at the contractile ring depends on actin filaments (Wu et al., 2001) , the Ain1p spot was not dependent on actin filaments for its maintenance revealed by Lat-A treatment, similar to the Cdc12p spot (Chang, 2000) . However, most Ain1p spots stopped moving without actin filaments. This suggests that actin filaments were the main track of spot movement. We observed cells expressing both Ain1p-tdTomato spots and GFP-CHD-labeled actin filaments and noticed a strong bias for spots to move away from the medial region toward cell tips on actin filaments during interphase. Two-thirds of spots moved toward cell tips, whereas the rest moved toward the medial region or in both directions on the same filament (n ϭ 69 spots). Of spots not associated with actin filaments, Ͻ10% moved toward the cell tips. Of the remaining 90%, about half moved toward the medial region from the cell tips and the other half moved in both directions successively (n ϭ 71 spots). Because Cdc12p spots cannot move without actin or microtubule (MT) tracks (Chang, 2000) , we assumed that the movements independent of actin filaments were on MTs. In cells expressing GFP-Atb2p (the ␣-tubulin subunit of MTs) as well as the spot markers, spots mostly moved toward the cell middle on MTs and arrived at the division site well before spindle formation ( Figure 4F ). Just before contractile-ring assembly, 64% of spots traveled to the division site on a MT track (n ϭ 42 cells), 10.7 Ϯ 11.9 min before the formation of the mitotic spindle (Figure 4, F-H) . The large variance reflects the fact that some spots arrived on MTs and stayed at the division site as long as 50 min before spindle formation. Only 7% of spots appeared to arrive at the division site on the last interphase MT initiated from the nuclear region before mitosis ( Figure 4H ), consistent with our previous observation that the location of the spot did not correlate with SPBs.
The dynamics of the spot differ from those of the contractile ring. The contractile ring is a very dynamic structure (Pelham and Chang, 2002; Murthy and Wadsworth, 2005) . We used FRAP to provide insights into the protein dynamics of the putative precursor spot. The Ain1p ring was a dynamic structure, with recovery half time 1/2 ϭ 16.1 Ϯ 6.6 s ( Figure 4 , I and J; Video 8), similar to other ring proteins (Clifford et al., 2008; Yonetani et al., 2008) . The intensity of the Ain1p ring increases during ring maturation (Wu and Pollard, 2005) , so the calculated half time is likely an underestimate of the actual recovery half time. In contrast to the ring, the Ain1p and Cdc12p spot was a relatively static structure, with a maximum of 30% recovery in more than 10 min ( Figure 4J , inset, black squares for Ain1p and blue circles for Cdc12p). We cannot exclude the possibility that the dynamics of the spot may change just before ring assembly, but these data suggest that the spot is dynamically different from the contractile ring.
The spot is not the site of actin nucleation. We confirmed that the spot did not associate with actin filaments in an actin aster or leading cable during contractile-ring assembly by investigating the distribution of actin filaments relative to the spot using Ain1p as a marker. Ain1p spots were undetectable, dissolved, or not associated with actin filaments in 64% of cells just before contractile-ring assembly (n ϭ 18). In ϳ20% of cells with a structure similar to an aster or leading cable, the Ain1p spot persisted and moved to the preformed actin meshwork during filament condensation ( Figure 4K ).
Thus, it seems that the spot does not nucleate an aster or a leading cable.
In summary, spots moved to the division site at various times mainly on MTs, dissolved before ring assembly, turned over protein components slower than nodes and rings, and rarely originated actin asters. Thus, the characteristics of Ain1p, Cdc12p, and Cdc15p spots do not support the hypothesis that the spot nucleates actin filaments and then spreads directly into a contractile ring through a spot/ leading cable model. spots ( Figure 5A ). Cdc12p contractile rings still formed from nodes in ain1⌬ cells ( Figure 5B ). We confirmed the results using mEGFP-Myo2p in ain1 ϩ and ain1⌬ cells. The time between the appearance of Myo2p nodes and formation of a compact contractile ring was unaffected by the lack of a spot ( Figure 5, C and D) . Ring maturation, from the appearance of a compact ring to the beginning of ring constriction, took slightly longer in ain1⌬ cells, but the difference was not significant (p Ͻ 0.1). Thus, it seems the spot is dispensable for the assembly of the contractile ring under normal growth conditions.
In Cells Lacking Cdc12p Spots, the Contractile Ring Assembles via Nodes
Node-independent Ring Assembly Might Not Depend on the Cdc12p/Ain1p Spot Mitotic node formation is dependent on the anillin Mid1p (Wu et al., 2003 (Wu et al., , 2006 Motegi et al., 2004) . It was suggested that the spot might play a more important role in ring assembly in mid1⌬ cells lacking nodes (reviewed in Mishra and Oliferenko, 2008) . To test this hypothesis, we investigated the movement of Ain1p spots during contractile-ring formation in mid1 ϩ and mid1⌬ cells ( Figure 5 , E and F). Among the mid1 ϩ cells with an Ain1p spot that formed a ring during 102-min movies, in 87% of the cells the spot disassembled and disappeared, usually near the division site, 3.5 Ϯ 1.9 min before the accumulation of Ain1p around the circumference of the cell equator and 9.2 Ϯ 5.2 min before the appearance of a well-formed Ain1p ring ( Figure 5 , E, i-iii, and F). Because the Cdc12p spot depends on Ain1p for formation and/or maintenance ( Figure 5A ), Cdc12p spots likely disassemble with Ain1p. Of the mid1⌬ cells that formed rings during 102-min movies, in 94% of the cells the spot disappeared 27.4 Ϯ 12.4 min before a well-formed but misplaced ring appeared ( Figure 5E , iv-vi, and F).
Cdc12p behavior in mid1⌬ cells is consistent with experiments showing that the spot marked by Ain1p-3GFP does not nucleate rings ( Figure 5G ). Cdc12p filaments appeared to elongate from a starting spot structure in only 23% mid1⌬ cells, whereas in 77% of cells Cdc12p was recruited at multiple places at once near the plasma membrane ( Figure 5G , white arrows; n ϭ 39 cells forming filaments and/or rings during 15-60 min movies). It is still unknown how some mid1⌬ cells manage to form the contractile ring.
Taken together, the spot was recruited to the division site and dispersed well before ring assembly in a majority of cells, thus failing to support the hypothesis that the spot spreads directly into a contractile ring. Therefore, it appears that spots are not crucial for the assembly of the contractile ring, even without Mid1p and nodes.
Myosin Motor Activity Is Required for Condensation of Nodes into a Contractile Ring
The myosin-II motor activity is not essential for the spot/ leading cable model (reviewed in Oliferenko, 2008 and . However, one key assumption of the SCPR model is that the myosin-II motor drives the condensation of nodes into a ring (Vavylonis et al., 2008) . Biochemistry experiments show that UCS protein Rng3p activates the motor activity of Myo2p (Lord and Pollard, 2004; Lord et al., 2008) . The myosin motor activity is very weak or abolished when the temperature-sensitive mutants myo2-E1 or rng3-65 are grown at restrictive temperature. Thus, we tested roles of myosin motor activity in node condensation and ring formation using mutants myo2-E1 and rng3-65 .
We found that cells with nodes were more abundant in myo2-E1 mutants even at 25°C (permissive temperature) compared with myo2 ϩ cells (Figure 6, A and B) . Only 1% of asynchronous control cells contained Cdc12p-3YFP nodes, because Cdc12p nodes begin to condense soon after their appearance (Video 2). However, 5% of myo2-E1 cells contained Cdc12p nodes, suggesting that myo2-E1 cells spent five times longer in node formation and/or condensation stages than myo2 ϩ cells, although the growth rates of these strains were similar at 25°C (p ϭ 0.5; Figure 6C ).
To investigate the roles of the myosin motor activity in node formation and node condensation into a contractile ring, we observed cells expressing both Rlc1p-tdTomato and GFP-CHD in myo2-E1 and myo2 ϩ strains. In both strains at 25°C, Rlc1p nodes persisted for ϳ10 min (node formation or node maturation) before actin filaments appeared among the nodes and node condensation began ( Figure 6D) . However, we found that node condensation in myo2-E1 took twice as long as in myo2 ϩ cells. Interestingly ring constriction began almost immediately after all lagging nodes joined to the ring in myo2-E1. Thus, the total time for ring assembly was very similar (Figure 6D ), which may explain why the doubling times were almost identical ( Figure 6C ). At the restrictive temperature of 36°C, nodes in myo2-E1 cells were able to condense within the first 30 min of the temperature shift. After 1 h at 36°C, the myo2-E1 cells were capable of forming new Rlc1p nodes, but were unable to condense the nodes into a contractile ring, whereas nodes in myo2 ϩ cells began to condense within 5 min after appearance ( Figure 6 , E and F). One explanation for failure of node condensation is that actin filaments are unable to associate with nodes. However, we found that GFP-CHD labeled actin filaments still associated with nodes in the broad band but were unable to form an actin ring ( Figure 6G ). These data suggest that the Myo2p motor activity is important for node condensation and contractile-ring formation.
To confirm the importance of myosin motor activity during node condensation into the contractile ring, we utilized rng3-65 cells that also express Rlc1p-tdTomato. After growing asynchronous cultures at 36°C for 90 min, 6.5% cells contained Rlc1p-tdTomato nodes (n ϭ 214 cells), compared with 3.3% of rng3 ϩ cells under the same conditions (n ϭ 180). Similar to myo2-E1, we found that Rlc1p nodes failed to condense into a complete ring ( Figure 6F ) and a broad band of Rlc1p short filamentous structures was formed instead, indicating that the Myo2p motor activity is required for nodes to condense. In addition, cells incubated for 4 h at 36°C and shifted back to 24°C partially recovered the ability to condense the nodes ( Figure 6H ). Although cells exhibited evidence of cytokinesis failure from the previous cell cycle and accumulated four nuclei, we observed an imperfect contractile ring assembled from a broad band of nodes after cells recovered for 4 h at 24°C (Figure 6H ), suggesting that the recovery of Rng3p restores Myo2p motor activity and can lead to condensation of nodes. Consistent with another study (Wong et al., 2002) , the Rlc1p spot was not seen in rng3-65 cells grown at 36°C and not recovered after shifting cells down to the permissive temperature.
Additional evidence for a role of myosin motor activity during node condensation was obtained using blebbistatin to inhibit the motor activity of myosin-II (Straight et al., 2003; Riveline and Nurse, 2009 ). Although our results suggested that the inhibitor is not very effective in fission yeast since rings still form eventually, it did cause a delay in node condensation into a contractile ring in synchronized cells (Figure 6, I and J) . At 65 min after releasing cdc25-22 cells to the permissive temperature, Ͻ20% cells treated with DMSO still had uncondensed nodes, whereas the blebbistatintreated culture still had 40% cells with uncondensed nodes. Taken together, these data suggested that myosin-II motor ϩ (JW1349) and myo2-E1 (JW1701) were imaged at 25 or 36°C. Cytokinesis events were defined as the following: Node maturation, the time between the appearance of Rlc1p nodes and that of actin filaments in the broad band; Node condensation, the time from actin appearance to formation of a compact ring with no lagging nodes; Ring maturation, the time from a compact ring to the beginning of ring constriction; Broad band persists, the time that the broad band of nodes remains uncondensed after the appearance of actin filaments among nodes until the end of 40-min movies. Number of cells analyzed (left to right): (D) 11, 28, 10, 26, 10, and 45; (E) 9, 12, 8, and 22. *p Ͻ 0.005. (F) Representative cells from the data in E as well as rng3-65 (JW1720) imaged at 36°C. Only the Rlc1p-tdTomato signal is shown for clarity. The signal is weaker at 36°C than at 25°C, so nodes are somewhat harder to visualize. (G) GFP-CHD-labeled actin filaments associate with Rlc1p-labeled nodes. activity is required for the condensation of the nodes and actin filaments into a contractile ring.
DISCUSSION
An actomyosin contractile ring assembles and constricts in coordination with mitosis to properly segregate genetic materials during cytokinesis. The molecular mechanism of contractile-ring assembly remains poorly understood and controversial. Two major models describe how the contractile ring assembles in wild-type fission yeast cells: the spot/ leading cable model and the SCPR model (reviewed in Oliferenko, 2008 and . In this study, we test the two models for Mid1p-dependent contractile-ring formation by investigating roles of formin Cdc12p and myosin-II motor activity in contractile-ring assembly.
Contribution of the Formin Spot and Nodes to Contractile-Ring Formation
The spot/leading cable model and the SCPR model differ on how the essential actin nucleator formin Cdc12p is recruited and distributed at the division site and how actin filaments are oriented in the contractile ring.
The spot/leading cable model began with the observation that a Cdc12p spot travels to the division site and then a strand of Cdc12p emanates from the spot to encircle the cell equator to form the ring when Cdc12p is overexpressed (Chang et al., 1997) . It was suggested but never observed that the Cdc12p spot may reside at the origin of the actin aster seen before ring formation in fixed cells and that the Cdc12p strand may coincide with the leading actin cable (Arai and Mabuchi, 2002) . Orientations of actin filaments in the contractile ring were determined by analyzing electron micrographs of myosin S1-decorated actin filaments in fixed dividing cells (Kamasaki et al., 2007) . Two fixed cells in early anaphase were reported to have two semicircles of actin filaments in opposite orientations perpendicular to the long axis of the cell, suggesting a single origin of nucleation by the Cdc12p spot.
In this study, we were able to visualize Cdc12p expressed under its native promoter in speckles, spots, nodes, and contractile rings. Cdc12p has not been observed in speckles or the broad band of nodes in previous studies. We speculate the following possible reasons: 1) Cdc12p-3YFP might be excited with a 488-nm laser in previous reports. The high autofluorescence of S. pombe at 488-nm channel masked the weak signals at nodes and speckles. The speckles remain elusive in the Cdc12p-3GFP strain because of autofluorescence and GFP is less bright than YFP ( Figure 1) ; 2) Our use of a more sensitive spinning disk confocal system might also account for the detection of Cdc12p in nodes and speckles when the same strain was used (Wu et al., 2006) . The number of speckles in the cell during interphase is approximately half the number of Cdc12p molecules in the cell as determined by Wu and Pollard (2005) . The intensity at speckles is on average half the intensity at the node, which contains about two Cdc12p dimers (Wu and Pollard, 2005) . Thus, one Cdc12p speckle might contain only one formin dimer (six YFP molecules).
We found that the spot disassembles/disappears before actin filament accumulation at the division site and ring formation in most cells (Figures 4 and 5) , rather than being at the center of actin nucleation as proposed by the spot/ leading cable model. Even when the spot persists in some cells, it moves to the preformed actin meshwork nucleated by formin nodes during filament condensation (Figures 3   and 4) . We found that the spot is recruited to the division site at various times and places, mainly by traveling on MTs, suggesting its contribution to the contractile ring might be similar to that of the speckles. An ain1⌬ mutant, rarely forming the Cdc12p spot, assembles contractile rings normally from nodes ( Figure 5 ), further suggesting that the spot is not essential for contractile-ring assembly, as reported earlier (Yonetani et al., 2008) . The discrepancy between previous reports that Cdc12p spots spread into rings, and our data showing that spots disappear before ring assembly can be explained by the localization of Cdc12p to the nodes. Because Cdc12p nodes are visible for no more than 2 min before condensation starts, it may appear that the dissolving of the spot directly correlates with ring formation when nodes are not detectable. However, it is still possible that the spot may play some roles during contractile-ring assembly. One hypothesis is that the spot dissolves at the division site to produce a higher local concentration of Cdc12p available to nodes. Although the timing of ring assembly and morphology of the ring appear normal in cells without the spot, the spot in some cells does travel to the division site and likely contributes to ring assembly. The second hypothesis is that the spot may be involved in the ring assembly pathway orchestrated by the septation initiation network (SIN) or in mid1⌬ cells (reviewed in Oliferenko, 2008 and . Activation of the SIN pathway in interphase or late anaphase cells leads to the formation of contractile rings through a filament intermediate, and this is likely the mechanism of ring formation in mid1⌬ (Hachet and Simanis, 2008; Huang et al., 2008) . The role of the spot in this pathway of ring formation appears to be minimal (Figure 5) . In mid1⌬ cells, the spot disassembles well before ring formation ( Figure 5, E and F) . Thus, the spot does not appear to be essential in ring formation in the absence of Mid1p and nodes. Further studies are needed to determine how rings form in these mutants. The third hypothesis is that the spot might become more important for ring formation under nutrition depletion or other stress conditions, which needs to be investigated in the future.
The SCPR model suggests that the contractile ring assembles from a broad band of precursor nodes that contain at least seven cytokinesis proteins (Wu et al., 2006; Vavylonis et al., 2008) . However, in the spot/leading cable model, Cdc12p and Cdc15p do not have to colocalize with other node proteins (Chang et al., 1997; Chang, 1999; Arai and Mabuchi, 2002; Carnahan and Gould, 2003; Motegi et al., 2004; Kamasaki et al., 2007) . The Cdc12p spot contains Cdc15p (Carnahan and Gould, 2003) and Ain1p (this study), but not myosin-II. In contrast, 70% of Cdc12p nodes contain Rlc1p (Figure 2 ), which colocalizes with Myo2p, Cdc4p, anillin Mid1p, IQGAP Rng2p, and F-BAR/PCH protein Cdc15p (Wu et al., 2006) . The dynamic nature (Figure 2 ) and sequential assembly of nodes may explain why the node proteins are not colocalized 100% of the time.
The detection of seven critical cytokinesis proteins colocalizing in the nodes in wild-type cells provides strong support for the SCPR model. Cdc12p dynamically localizes to at least half the cytokinetic nodes (Figure 2 ) by recruitment of molecules from cytoplasmic speckles and possibly the spot (Figures 1 and 4) . The possible roles of Cdc12p nodes in contractile-ring assembly include 1) Nucleate actin filaments in random directions necessary to condense nodes via the SCPR mechanism ( Figure 3) ; 2) Anchor actin filaments to the plasma membrane; and 3) Contribute Cdc12p molecules to the contractile ring (Figures 1 and 2) . Unlike the contractile ring in wild-type cells, the rings formed in mid1⌬ cells or induced by SIN pathway are misplaced and constrict more slowly (Wu et al., 2003; Hachet and Simanis, 2008; Huang et al., 2008) . Thus, nodes might be important for conveying the positional cue from Mid1p for timely and efficient assembly of the contractile ring at the right place.
Currently we cannot rule out the possibility that another model may arise that fits all the available data because not all assumptions of SCPR have been tested, but we can say that the Cdc12p spot does not nucleate all the actin filaments in the contractile ring under normal conditions. In the future, the physical interactions among the seven node proteins need to be mapped out to reveal the stepwise and hierarchical assembly of nodes and the contractile ring.
Interactions between a Meshwork of Actin Filaments and Precursor Nodes May Result in Actin Structures Similar to the Aster or Leading Cable
Consistent with the key assumption of the SCPR model, Cdc12p concentrates in nodes from which short actin filaments are nucleated and grow in random directions ( Figure  3 ). We observed that the meshwork of actin filaments and nodes can sometimes condense into structures that appear similar to the aster or leading cable in live cells. These results lead us to the speculation that the aster and leading cable observed by Arai and Mabuchi (2002) in fixed cells may represent an intermediate stage during the condensation of nodes and actin filaments. Appearance of a meshwork of low fluorescence intensity actin filaments and the initial condensation of nodes and the filaments into thicker bundles occur at the same time, 2 min after Cdc12p appears in the nodes (Vavylonis et al., 2008) . Because of this narrow window of time, the early actin filaments' nucleation by Cdc12p may have been missed in the studies of fixed cells (Arai and Mabuchi, 2002) . Another possibility suggested by the authors is that the deconvolution may cause weaker signal to be lost. Thus, instead of the leading cable extending around the cell equator from the spot, it appears that the aster and leading cable-like structures are intermediates during the formation of the ring, which continues to brighten as it matures. The aster/leading cable-like structure sometimes observed may be a site where condensation of nodes and actin filaments is faster. However, the difference in the orientations of actin filaments during ring formation between the fixed early anaphase cells in Kamasaki et al. (2007) , and live imaging of early mitotic cells in this study remains to be solved in the future.
Novel models have been proposed to unify the spot/ leading cable model and the SCPR model (Hachet and Simanis, 2008; reviewed in Roberts-Galbraith and Gould, 2008) . It was suggested that the Mid1p-myosin-II nodes converge not by coalescence of a meshwork of actin filaments and nodes but by nodes attaching to the filaments nucleated by a few actin asters. Our results lead us to a different integration of the two models for contractile-ring formation in wild-type cells. Figure 7 summarizes our data demonstrating that formin nodes are the main sites of actin nucleation during ring assembly by an SCPR mechanism. The nodes are formed by recruiting formin molecules from speckles and the diffuse cytoplasmic pool and sometimes the formin spot. During the condensation of the meshwork of nodes and actin filaments, formation of the aster and leading cable-like structure as intermediate stages could occur stochastically.
Myosin Motor Activity Is Required for Mid1p-dependent Contractile-Ring Assembly
The spot/leading cable model and the SCPR model also differ in the roles of myosin-II motor activity during contractile-ring assembly. The myosin-II motor activity is not required for ring formation through the spot/leading cable (reviewed in Oliferenko, 2008 and . However, myosin-II motors are necessary for the condensation of nodes into a ring via the SCPR model (Pollard, 2008; Vavylonis et al., 2008) .
The involvement of Myo2p motor activity in condensing the nodes into a contractile ring is controversial because the activator of Myo2p motor activity, Rng3p, has been detected at the division site only after the ring has formed (Wong et al., 2002; Lord and Pollard, 2004) . It is difficult to detect Rng3p-3GFP or Rng3p-3YFP in the nodes because of their high concentration in the cytoplasm, low concentration at the division site, and substoichiometric interaction with myosin-II (Wu and Pollard, 2005) . Nevertheless, the following evidence suggests that the myosin-II motor activity is required for the formation of the contractile ring: 1) In cells with myo2-E1, a mutation that results in very weak or abolished motilities (Lord and Pollard, 2004) , node condensation slows or fails although actin filaments are still associated with nodes ( Figure 6) ; 2) A Myo2p mutant with mutation in the ATP-binding site is defective in the assembly of the contractile ring (Naqvi et al., 1999) . A summary of our data regarding Mid1p-dependent contractile-ring assembly in fission yeast. (A and B) Contractile rings are assembled from Cdc12p nodes and actin filaments growing in random directions from the nodes through the myosin-II motor activity. Cdc12p molecules in speckles and/or diffused in cytoplasm are gradually recruited into the division machinery as the nodes mature and condense. When the ring constricts, Cdc12p molecules are released back to the cytoplasm as the numbers of speckles increase. The stages of cytokinesis are the same as in Figure  1F . (A) The majority of cells contain neither spots nor aster/leading cable-like structures. (B) Spots in some cells travel to the division site and usually dissolve before node maturation and ring assembly. As nodes condense into a contractile ring, structures like the aster and leading cable are occasionally formed from short actin filaments but not from the spot. Around the time of cell separation, new spots may form.
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a contractile ring in rng3-65 mutant at the restrictive temperature (Figure 6 ), suggesting Rng3p function is required for activating myosin motor activity during node condensation; and 5) Rng3p is detected in the nodes in myo2-E1 mutant background (Lord et al., 2008) . This suggests that either Rng3p is present in the nodes but undetectable in wild-type cells or it may activate the myosin motor in the cytoplasm before Myo2p is recruited to the nodes. These two possibilities are difficult to distinguish with available resources, but should be addressed in the future. Consistent with our data, Sladewski et al. (2009) recently reported that a nonphosphorylatable Rlc1p mutant reduces the average rate of Myo2p motility in vitro and results in ring assembly taking 50% longer in vivo.
Contractile-Ring Assembly during Cytokinesis in Animal Cells
The contractile ring is essential for cytokinesis in higher eukaryotes. Recruitment of myosin and actin filaments to the contractile ring has been described in two hypotheses, cortical flow and de novo synthesis (Zhou and Wang, 2008) . Myosin filaments are assembled de novo at the cleavage furrow, but actin filaments are both assembled de novo and recruited via cortical flow (Noguchi and Mabuchi, 2001; Zhou and Wang, 2008) . In S. pombe, it appears that de novo assembly of myosin and actin filaments is dominant, because cells lacking the formin For3p form a normal contractile ring.
Formins are essential for cytokinesis in animal cells. In C. elegans embryos, node-like myosin-II foci are pulled together in a formin CYK-1-dependent manner (Werner et al., 2007) . The Drosophila formin diaphanous is necessary for maintenance of myosin-II in a broad band at the cell equator during cytokinesis (Dean et al., 2005) . In murine cells, mDia2 is responsible for de novo actin filament polymerization at the cleavage furrow in addition to recruiting preexisting actin cables via cortical flow (Watanabe et al., 2008) .
The accumulation of myosin and anillin in node-like structures in animal cells has been reported in several studies (Maupin et al., 1994; Noguchi and Mabuchi, 2001; Straight et al., 2003; Zhou and Wang, 2008) . Although many similarities exist, it is premature to suggest that the SCPR model can explain contractile-ring assembly in animal cells. More studies are needed to investigate the roles of each component and to establish how they work together during cytokinesis.
